The evolution of runaway electrons in disruptive plasmas in TEXTOR is determined by observing the synchrotron radiation (hard component E > 25 MeV) and by measuring the runway electrons with an energy of a few MeV using a scintillator probe. Disruptions are initiated by a massive argon gas injection performed by a fast valve. The observed runaway beam of the high energy component (synchrotron radiation) fills about half of the diameter of the original plasma. The beam is smooth and shows no indication of filamentation. The initial conditions are in all cases very similar. The temporal development of the runaway electrons, however, is different: one observes cases with and without subsequent mode excitation and other cases in which the hard runaway component survives the apparent end of the runaway plateau. Several methods are applied to remove the runaway electrons including massive gas injection from two additional valves of different sizes as well as external and internal ergodization by inducing a tearing mode. The mitigation is only marginally successful and it is clearly found that the runaways in disruptions are substantially more robust than runaways created in stationary, low density discharges.
Introduction
During a disruption, a sudden loss of magnetic confinement, the energy stored in the plasma is rapidly lost to the plasma facing components (PFCs) [1] . The damage to the machine following the disruption is caused by: (a) the transient heat load during the thermal quench (TQ), (b) the high forces applied to the PFCs and the vessel resulting from the halo and eddy currents, and (c) the energetic runaway electrons (REs). Several methods have been proposed in order to mitigate the effects of disruptions. It has been shown in several tokamaks that the damaging effects of disruptions are significantly reduced by early injection of impurity species [2] . Killer pellet injection is one of the methods for rapid insertion of impurities into a tokamak plasma. Experiments on disruption mitigation by using pellets of neon, argon and methane have been performed in several tokamaks [3] [4] [5] [6] . The pellet increases the radiated power and reduces the mechanical loads on the vessel wall by up to 50%, the thermal flux on the divertor by 25-40%, and the peak halo current by 50%.
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Nevertheless, the production of REs has been caused also by the pellet injection [5, 6] . Another potential candidate for disruption mitigation is a massive gas injection [7] . A gas injection system creates a subsonic gas jet which delivers a large quantity of neutral gas (>10 22 atoms) into the vacuum vessel within 5 ms [8] . The rapid shutdown by puffing noble gases, e.g. helium, neon or argon, in JET [9] , ASDEX upgrade [10] , DIII-D [11] , Tore-Supra [12] , JT-60U [13] and TEXTOR [14] demonstrates the mitigation of the halo current and the significant reduction of the heat load during TQ by enhanced radiation. Massive helium injection effectively suppresses REs [12] . Argon injection, in contrast, is prone to runaway generation. However, the TEXTOR disruptions initiated by argon injection can become runaway free if the number of atoms exceeds 14 ± 2 × 10 21 , i.e. around 140 times the plasma electron content [14] . Additionally, the injection of mixtures of argon with hydrogen [13] or deuterium [14] also provides runaway-free disruptions.
Several experiments have been dedicated to the study of runaway generation and suppression during disruptions in different tokamaks [14] [15] [16] . Most studies of runaway mitigation concentrate on a massive gas injection. In nextgeneration tokamaks such as ITER, REs with energies of the order of a few hundred MeV are expected [17] . In order to avoid runaway generation during ITER disruptions, either 1.5 × 10 25 molecules of helium gas or 1.8 × 10 24 molecules of argon gas have to be delivered within a few milliseconds [18] . This requirement cannot be achieved by the present-day devices. Moreover, the injection of a large amount of gas may affect the vacuum system. It has been shown in [19] that a fast gas puff with a moderate amount of helium leads to the loss of the existing REs and the plasma current decay time is shortened. Magnetic perturbations are another method applied to mitigate the REs. The suppression of the runaway avalanche during TEXTOR disruptions is observed when a perturbation field with n = 1 and n = 2 is applied [20] .
In this paper, we present initially some examples of the evolution of runaways without additional mitigation methods and then a systematic study of different runaway mitigation methods used in TEXTOR including a gas puff and mitigation by the dynamic ergodic divertor (DED). The mitigation approaches are applied to disruptions initiated by a fast argon puff. The paper focuses in particular on the observation of the IR-synchrotron radiation which is sensitive to runaways with energies E r 25 MeV and the measurement of the runaway probe which is sensitive to runaways leaving the plasma with energies between 3.5 and 22 MeV. An overview of the different observations detected by these diagnostics is given.
Experimental Setup
The experimental measurements were carried out in TEXTOR (a tokamak with circular cross section, R 0 = 1.75 m, a = 0.46 m) operated in a pure ohmic mode without additional heating. The discharge conditions are: toroidal field: B T = 2.4 T, plasma current: I P = 350 kA and line average central density: n e = 1.5 × 10 19 m −3 . When the discharge is in the steady state condition, i.e. 2 s after the start of the discharge, 9.7 × 10 20 atoms of argon are injected in order to trigger a disruption in a reproducible way. Beyond the standard diagnostics of TEXTOR the following diagnostics and equipment are used: an infrared (IR) camera for observing the synchrotron radiation from highly relativistic electrons, a runaway probe for energetic electrons leaving the plasma, different fast valves for initiating disruptions and for mitigating the runaways created during the disruptions, and the ergodization system of TEXTOR (the DED) for possibly reducing the runaway damage at the walls.
The IR detection system
An IR camera is used to observe the synchrotron radiation emitted by the REs. It is located of the equatorial mid-plane of TEXTOR. The camera is oriented to the direction of electron approach such that it is sensitive to the synchrotron radiation of REs. Its field of view covers the low field side (LFS) of the torus. The camera is sensitive for wavelengths between 3 and 5 µm. It is operated at a frame rate of 1253 frames per second with an integration time of 2 µs. Since the REs emit synchrotron radiation into the forward direction with a small opening angle, the camera detects the confined REs with energies higher than 25 MeV only from the area where the orbit of the runaways is directed towards the entrance lens of the IR optics. Analysis of synchrotron radiation has been described in detail elsewhere [21] . In addition, the camera measures also the thermal radiation of the wall components. A view of the wall, heated up to 150 • C without plasma, is shown in figure 1(b). One clearly sees the liner with openings for windows and diagnostic ports. The background thermal objects enable the reconstruction of the location from where the synchrotron radiation is emitted. Details of observation of synchrotron radiation have recently been reported in [22] . The structure and dynamics of the runaway beam have been observed.
Scintillator probe
A scintillator probe measures the REs at the plasma edge. The probe is inserted from the LFS shortly before the disruption is triggered and remains at the edge of the plasma at the minor radius a = 0.46 m until the plasma termination. Only the REs with energies exceeding 3.5 MeV can penetrate through the CFC housing and reach the scintillating crystals inside the probe. The probe consists of nine scintillating crystals connected via glass fibre cables to photomultipliers. Each crystal measures the REs at a different energy range; the probe is sensitive in an energy range between 3.5 and 22 MeV. The details of the probe are described in [23] .
The valves
TEXTOR is equipped with three fast valves [24] . The valves are activated by an eddy current, which is induced by a current (MPa) Location   1  8  20  3.2  top of TEXTOR  2  14  30  3.0  equatorial plane  3  28  110  15 equatorial plane flowing in a pancake-type coil. Since the valves do not contain any ferrite materials, they can be installed very close to or even inside the vacuum vessel with its full magnetic field. The characteristics of these valves are shown in table 1. Valve 1 has been installed in order to create and study disruptions. Its gas flow has been characterized by a Michelson interferometer in the downstream flow of a guiding vacuum tube [25] . The flow rate and, in particular, the front of the gas are limited by a valve orifice of 8 mm and by the guiding tube length and diameter. If the valve is filled with 0.2 MPa of argon, disruptions with runaway generation are produced reproducibly. The gas reservoir volume of the valve amounts to 250 cm 3 ; however here it is reduced by an insert to 20 cm 3 only. Valve 2 has a gas reservoir of 30 cm 3 . Only half of the gas in the reservoir is released because the valve closes quickly after the activation. The valve is mounted close to the plasma such that there is only a small delay in the flow. Previously, even a smaller valve has successfully been applied to expel REs from a low density discharge [26] . The valve was operated with helium gas. After the gas injection, the REs were expelled even before the TQ took place. One aim of the following experiments is to test whether the injection of such an amount of gas will also suppress the runaways created during disruptions or whether the behaviour of REs in low density discharges is different.
Valve 3 has the largest orifice such that the gas can be quickly released. The gas throughput is about an order of magnitude higher than by valve 1. It is designed for a pressure up to 3.2 MPa in order that a moderate gas reservoir provides a high amount of gas. Here only low gas pressures are used. Therefore, the volume of the gas reservoir is reduced from more than 1 dm 3 to 110 cm 3 by adding an insert, similar as in valve 1 [27] . The valve has been mounted close to the plasma inside the TEXTOR vessel such that the delay due to the gas flow is minimal.
In order to suppress the runaway generation completely by fast gas injection, an argon gas density of more than 5 × 10 22 m −3 is required [28] . This corresponds to a gas pressure in the vessel of about 0.207 kPa. In TEXTOR, the valve would have to inject 3.5 × 10 23 atoms of argon. Here, valve 1 is used only to initiate runaway disruptions, while valve 2 and valve 3 are applied to suppress the REs. Valve 2 and valve 3 are mounted at a vessel flange in the equatorial plane as close to the plasma as possible. This minimizes the flow time of the gas. For technical reasons the gas path of valve 1 is 0.5 m longer. Therefore the time delay between the valve trigger and the arrival time of the gas at the plasma surface is about 2 ms longer than the time delay of the other valves [27] .
Ergodization
Another approach for RE mitigation is the DED of TEXTOR. The DED is a set of magnetic perturbation coils. Sixteen individual coils and two compensation coils are wound around the torus at the high field side (HFS) following the direction of the equilibrium magnetic field lines [29] . The electrical current in the coils generates a magnetic field which is resonant to the plasma magnetic field in particular near the q = 3 surface. The DED coils can be connected in different ways such that the dominant base modes m/n = 12/4 or m/n = 6/2 or m/n = 3/1 can be excited. In addition to the base modes, also neighbouring modes are generated which lead to a cascade of magnetic islands in the plasma. If the islands are wide enough such that they overlap, the magnetic field becomes ergodic which means that a magnetic field line is not restricted to a surface but fills the whole volume. The so-called laminar zone is formed by those field lines which intersect limiters or the wall. Particles, in particular the collisionless runaways, are lost practically immediately from this area.
The radial penetration of the perturbation field B p scales with about B p (r) B p (a) · ( r a ) m ; therefore, the penetration of modes with high m-numbers is very limited while the m/n = 3/1 penetrates deeply into the plasma. The islands resulting from the m/n = 3/1 base mode can be a seed for m/n = 2/1 tearing modes in the plasma [30] . The dynamic option, allowing for a rotation of the perturbation field, is not applied here.
Typical induced disruptions in TEXTOR
In order to induce a disruption, 9.7 × 10 20 atoms of argon were injected by valve 1 into the plasma at t = 2 s after the start-up. The TQ took place when the edge of plasma up to the q = 2 surface had been cooled. A significant number of REs was generated during such disruptions. During all discharges presented in this section, no additional mitigation methods are applied. Under the same initial conditions, three types of disruption evolutions have been observed.
Runaway disruptions without mode excitation
The start of a disruption is characterized with respect to the IR camera by a flash of thermal radiation from the vessel wall. For the given valve and gas feeding line, this is about 4 ms after the argon injection. At this time, the wall is heated by the lost electrons and ions during the TQ (see figures 2(A)(a) and 2(B)(a)). We use this flash as the time marker of the disruption. After the REs have gained a sufficiently high energy, the RE beam becomes visible at the HFS. The width of the runaway beam in the vertical direction is about one half of the original plasma diameter. In the horizontal direction, the camera view is vignetted, therefore, we cannot see the whole beam. The RE beam then grows and moves towards the LFS. The structures which are seen in figures 2(A)(b)-(f ) (indicated by white arrows) result from the reflection from the vessel wall. At t = 2.032 s, the position control system generates the magnetic fields such that the RE beam is pushed back to the HFS. As the loop voltage increases, the REs are accelerated. The intensity at the centre of the beam increases. However, the beam radius decreases. This indicates that with increasing energy, only the REs at the centre are well confined while the REs at the edge are lost.
In addition to the IR image from the IR camera, we calculate a time derivative of each IR image by subtracting In a 'quiet' disruption such as discharge #120123, neither the SXR spikes nor Mirnov signal spikes are present during the runaway plateau phase. The level of the probe signal in figure 2(C)(V) is rather low with the exception of a small spike at the TQ and at the termination of the runaway plateau. The plasma current shown in figure 2(C)(II) decays smoothly. This confirms that the major part of REs is well confined within the plasma. A decrease in the intensities added over all pixels of the IR image shown in figure 2(C)(IV) is caused by the movement of the beam. At the end of the discharge, the runaway beam disappears rapidly. Sharp SXR spikes and a RE burst are observed. All REs are lost immediately.
Runaways with mode excitation
The 'quiet' disruption belongs to one class of observations. In another class, mode excitation is observed as seen, for instance, in discharge #119990. In this case, the runaway beam is located at the centre of the camera view and is not vignetted. The runaway beam becomes visible and develops at the HFS similar to the first case (see figure 3 Even though the probe signal is enhanced and the decay rate of the plasma current increases, the IR signal in (IV) varies only slightly. This indicates that the loss in the medium and low energy band is substantially higher than in the high energy band. The beginning of the mode excitation seems to be dependent on the position of the runaway beam. The mode excitation is observed when the runaway beam touches the wall or the probe. However, the mode excitation sometimes appears longer or shorter than the contact time.
Although the runaway currents in both cases are comparable, the maximum intensity of the runaway beam is about 20% lower than in the previous case. The runaway beam becomes smaller with increasing time. During the runaway plateau termination, all REs are lost. The IR signal drops suddenly accompanied by a RE burst, a sharp SXR spike and a Mirnov signal spike (see figures 3(C)(V)-(VII) dashed line (f)).
REs survive the runaway plateau termination
In the third class of observations, the high energy part of the runaway beam survives longer than one expects from the conventional traces such as the plasma current or SXR signals. After the runaway beam is generated and develops at the HFS, it moves more and more towards the HFS due to the positive vertical field (see figures 4(A)(a) and (b)). SXR spikes are present during the runaway plateau phase but no probe signal is observed because in this case the plasma is shifted away from the probe (see figures 4(C)(V) and (VI) dashed line (a)). The runaway plateau termination takes place at t = 2.015 s. A runaway burst is observed followed by a sudden appearance of the REs at the LFS. In figure 4 (A)(c), it seems like the beam moves rapidly towards the LFS. However, the image obtained from consecutive image subtraction in figure 4 (B)(c) shows that a small amount of REs already exists at the LFS. When the current drops to almost zero these REs as well as the REs which have energies a bit lower than 25 MeV are accelerated and become visible.
Although the plasma current drops to almost zero (see figure 4 (C)(II)), a significant number of REs can still be confined. The runaway beam then decays gradually over several tens of ms. During this phase neither the SXR nor the probe shows any signal as the loss rate of the REs is too low. The intensity of the runaway beam in this case is much smaller than in previous cases because the runaway plateau phase, in which the REs are accelerated, is much shorter. The REs do not have enough time to gain high energies. In this example, the MHD activity stops at t ≈ 2.014 s (see figure 4 (B) dashed line (c)) while the synchrotron radiation continues to be emitted by the REs over a few tens of ms. Observations of significant number of REs after runaway plateau termination have been reported previously [22] . There are other examples where the SXR signal continues when the plasma current has apparently ended, however, with a strongly reduced amplitude. Figure 5 is an example in which the plasma current seems to finish already at t = 2.015 s while the IR-synchrotron signal continues for 15 ms. Other characteristic runaway signals like the probe signal and the SXR signal seem to stop with the plasma current at t = 2.015 s. However, if the SXR signal is enhanced by a factor of 50, one sees that the signal continues to the end of the IR radiation (see figure 5 (VI)). The presence of the SXR signal at this phase confirms that the REs can survive the runaway plateau termination and can be confined by the plasma current of a few tens of kA. 
Runaway orbits
Runaway orbits during disruptions are so far calculated for a constant energy. In a new approach, the full orbit development in the given toroidal electric field of the disruption is calculated by a mapping method. Since of course the calculation of the full orbit evolution would be extraordinarily time consuming, smaller parts of the orbit are computed and the evolution extrapolated in the next step followed by another orbit mapping etc. The method allows for a visualization of the history of the electron acceleration, i.e. which electrons can gain energy and which electrons are lost during the acceleration phase. A typical loop voltage and plasma current are taken from the experiment. Figure 6(a) shows the evolution of the orbits for an electron in the core and figure 6(b) the orbit more outside. In figure 7 the energy gain of the electrons is shown for electrons of different starting positions; the major radius of the TEXTOR axis amounts to 175 cm. Only the core electrons remain confined throughout the disruption while electrons with r > a/2 ≈ 20 cm are quickly lost before they gain sufficient energy to emit synchrotron radiation in the operating wavelength range of the camera. In addition, the right axes of figure 7 show the loop voltage and the plasma current; the loop voltage is cut at about 40 V due to the limitation of the data logger. Therefore, the final energy of the core electrons could reach 25 MeV, consistent with the limit required that the synchrotron radiation can be observed. The orbits of the outer electrons clearly hit the wall before they can reach such energies. The energy of about 25 MeV, however, is also the upper limit which is given by E(t) dt during the current decay.
The orbit radii remain nearly unchanged but drifts to the LFS as expected. The shift amounts to about δ = q W ecBφ , where q = r Bθ Bφ R , and W the runaway energy. This shift is identical with the shift from the resonant magnetic surface and visualizes the shielding of the runaways from the magnetic perturbation.
If we neglect other boundaries, then the limiting orbit shows an X-point towards the LFS. Beyond the X-point, the orbits are open and the runaways are quickly lost. For a given experiment, it depends on the details of the vessel whether the X-point is the limitation of the runaway orbits or whether it is the orbit shift towards a limiter or the wall which leads to the loss of the runaways. In case of TEXTOR disruptions, both limits are nearly identical.
Induced disruptions with runaway mitigation methods applied
The following examples show effects of various mitigation methods on the behaviour of REs during induced disruptions. All disruptions presented in this section are triggered by an argon injection performed by valve 1 at t = 2 s. First, valve 2, which is sufficient to remove runaways from a low density runaway discharge, was applied. Then valve 3 capable of a massive gas injection is applied. Finally, the option of runaway removal by ergodization of the magnetic field lines are tested.
Fast gas injection performed by valve 2
As already discussed above, valve 2 is used because of its ability to suppress REs during low density discharges. The effect of 3 different types of gas puffs, namely helium, neon and argon, on the runaway confinement is investigated. 2.2 × 10 22 atoms of gas are injected by valve 2 at different times. In discharge #117535, valve 2 injects 2. In discharge #117509, 2.2 × 10 22 atoms of argon are injected at 15 ms after the first injection. No sudden expansion of the runaway beam is observed. The temporal evolution of the beam is similar to the first case of a typical induced disruption without mode excitation (see figure 9 (A)). The runaway beam is generated and develops at the HFS. The beam intensity at the centre increases with time while the beam shrinks. The filamented structures are also present in figure 9 (B) which is obtained from consecutive image subtraction. However, the argon injection results in an enhancement of the runaway loss. During the plateau phase, peaks in the SXR are observed. All the REs are lost at 16 ms after the injection. In comparison with the previous example, the runaway confinement time is shorter (see figure 8(C) (red curve) compared with (black curve)). The runaway plateau is terminated ∼30 ms earlier. It agrees with the synchrotron radiation observed by IR camera. The effect of argon injection is detected later than that of neon injection because argon needs a longer time to travel from the valve to the plasma.
In figure 10 , the averaged runaway plateau lengths of the disruptions mitigated by different types of gas are plotted against a time scale of the discharge, at which valve 2 is triggered. A plateau length is determined from the width of the runaway current, which is obtained by subtracting the exponential current decay from the plasma current. For each condition, we made 2-5 measurements. The data plotted in this figure are obtained by averaging the plateau lengths of all discharges under the same condition. The error bars present the standard deviations.
2.2 × 10 22 atoms of argon, neon and helium are injected separately at different times. The earlier the gas is injected, the stronger the effect is obtained. Argon provides the strongest effect. Nevertheless, the effect is not strong enough to effectively suppress the REs. To us the result was a surprise, because the runaways are regularly and quickly expelled from normal runaway discharges. This means obviously the runaways are much more robust in the current decay phase of a disruption than in a normal runaway discharge.
Argon injection performed by valve 3
Since argon, in comparison with helium and neon, provides the strongest effect on the runaway suppression, this section The disruption of discharge #119988 is runaway free. In this discharge, 1.3×10 22 atoms of argon are injected at t = 2.003 s. The probe and the SXR signal are zero. Additionally, neither synchrotron radiation emitted by the REs nor the runaway plateau is observed. The IR peak presented in figure 11(C)(III) (red curve) is IR emitted by the injected gas and thermal radiation originating from the wall, which is heated during the TQ (see figure 12 ). The IR radiation originates from a neutral gas is very diffuse. This means that the gas injection of valve 3 suppresses the runaway generation completely. However, a later argon injection into a disruption with already existing REs does not eliminate them.
Similar to the effect of the gas puff (valve 2), if the gas is injected earlier, the effect is stronger (see figure 13 ). Since valve 3 is located as close to the plasma as possible (closer than valve 2), the gradient of the gas flow hitting the plasma surface is higher than with valve 2. In addition, the area of orifice diameter is twice as large as the one of valve 2. The injected gas, therefore, penetrates deeper into the plasma. The runaway-free disruptions are achieved when 1.3×10 22 atoms of argon are injected at 3 ms after the disruption is triggered. The effect of the argon puff decreases drastically if the gas is injected after the TQ.
Dynamic ergodic divertor (DED) 6/2 mode
In discharge #120103 ( figure 14) , the DED is applied in the 6/2 mode at t = 2.00 s (at the same time as the argon is injected by valve 1). Because of its substantial inductivity, the rise time of the DED current amounts to about 60 ms. Therefore, the current is not constant during the disruption, unless it is switched on prior to the disruption. In this case, REs are also generated at the HFS. However, the runaway beam develops more slowly in comparison with typical induced disruptions. The runaway beam is broadened. REs are then lost to the LFS and hit the probe. IR radiation at the probe position is present at the very beginning of the disruption as shown in figure 14 (A) (white rings). The IR intensity at the probe position increases with time, i.e. REs are lost continuously. The runaway plateau termination takes place at t = 2.05 s accompanied by a sudden loss of REs. The intensity profile of the runaway beam is affected by the applied DED. It is no longer smooth as shown in figure 14(B) . In contrast to the previous cases of gas injection, the filamentary structure is observed not only at the edge of the beam but also in the beam centre. It is most likely that the 'filamentary structure' originates from the modes which are induced by the external DED field. The time traces of the loop voltage, the plasma current, the DED current, the intensities added over all pixels of the IR image, the scintillator probe signal, the SXR signal and the Mirnov signal of the discharge #120103 are shown in figure 14 (C) (black curve). As the DED current reaches 1 kA at t ≈ 2.03 s, a small-stepwise reduction of plasma current is observed (see figure 14 (C)(II) dashed line (d)). Additionally, RE bursts, SXR and Mirnov signal spikes are present. The intensity of the runaway beam decreases while the IR intensity at the probe tip increases. Therefore, the intensity added over all pixels of the IR image decreases slightly. The runaway beam moves a little towards the LFS at t = 2.047 s. Since a larger area of the beam is in the camera's field of view, the intensity added over all pixels of the IR image increases. The intensity of the runaway beam, in contrast, continues to decrease. The DED leads to REs loss before REs gain high energies. However, a significant number of REs is still confined in the plasma. In the discharge #120114, the DED is switched on at t = 1.70 s. The DED current reaches the maximum value of 7 kA at t = 1.90 s. The runaway beam develops and remains at the HFS. The beam does not touch the probe, therefore, no probe signal is present (see figure 14 (C)(IV) (red curve)). Although no runaway plateau is present, a small number of REs is observed by the IR camera as can be seen in figure 15 . Additionally, the SXR signal is also present. However, REs are lost rapidly shortly after the TQ. It is shown in figure 16 that the earlier the DED is switched on, the stronger the effect on REs suppression is obtained. The impact on the RE confinement in discharges, in which the DED is applied at t = 1.70 s, is much stronger than in case where the DED is applied at t = 1.80 s although the DED current of both cases are the same, i.e. 7 kA, when the argon puff is injected.
In order to obtain a significant effect of the DED on the RE confinement, the DED has to be applied at least 0.3 s before the disruption takes place. Otherwise the effect is minor as can be seen in figure 16 . This method is rather impractical for disruption mitigation since a disruption is a transient event and the method that provides a fast response is required. Additionally, complete runaway suppression cannot be achieved. Although the perturbations generated by the DED, in comparison with the case of the gas puff, can penetrated deeper into the runaway beam, it is not strong enough to eject all REs from the plasma.
Dynamic ergodic divertor (DED) 3/1 mode
The influence of the resonant magnetic perturbation (RMP) produced by the DED 3/1 mode on the runaway suppression in the TEXTOR tokamak has been investigated by Lehnen [20] and Koslowski [31] . It has been shown in [20] that the loss rate of REs is significantly enhanced if sufficiently strong RMPs with n = 1, 2 are applied. However, a complete runaway suppression cannot be achieved. The experimental results in [31] shows, conversely, no clear effect of the RMPs on the runaway suppression. Here we will discuss only the results observed by the IR camera. Figure 17 , shows the temporal evolution of the runaway beam of discharge #119889, in which the DED current of 1 kA is applied at 1.82 s. The DED is constant during the whole disruption. The fluctuation of the beam intensity distribution as present in the case of the gas puff injection (valve 2) is observed (see figures 17(A) and (B)). However, the perturbations penetrate deeper into the runaway beam than the perturbations initiated by the gas puff (valve 2). A different runaway behaviour is found in discharge #119869, in which the DED is applied at t = 2.01 s, i.e. after the disruption is triggered. The RE confinement is improved. A runaway is confined longer in the plasma than in the previous case. Figure 18(A) shows that the runaway beam changes only slightly over a long period of time. No sudden loss is observed. In this discharge, different structures are observed as shown in figure 18(B) . At the beginning of the discharge structures are present only at the edge of the runaway beam. As the perturbations penetrate deep into the beam centre, the intensity of the beam starts to decrease. It is still not clear whether a tearing mode is also induced if the DED is applied during the disruption. In any case, one finds a rich 'filamentary' structure in particular in the different sequence of figure 18(B) ; the structure reaches deep into the runaway beam as one might expect for the m/n = 3/1 mode. This structure could either result from the external ergodization of the DED or the internal ergodization by the mode.
Summary and conclusions
In order to study the development of runaway electrons in disruptive discharges, a massive gas injection of argon is applied by valve 1. Key diagnostics are IR-synchrotron radiation measurements for the high energy runaway component (E > 25 MeV) and a runaway probe in particular for the runaways with energies of a few MeV up to 22 MeV. The disruption starts with the TQ and an initial exponential decay of the plasma current which is then followed by a characteristic plateau phase in which the runaway beam develops and a runaway plateau termination phase.
Even though the experimental conditions are identical, the runaways can show a quite different time evolution. In the simplest case, the disruption is 'smooth' without mode excitation. A runaway beam with a diameter of about one half of the original plasma diameter develops. The beam size agrees well with the one that is obtained from modelling [22] . In other cases, MHD activity is observed during the plateau phase. Even though the plasma current shows typical decay steps during this phase, the synchrotron image shows neither special structures in the image of the high energy electrons nor a strong loss. On the contrary, the synchrotron radiation can even still increase. The reason is most likely that low and high energy runaways are not influenced in the same way by MHD perturbations. The orbit of the low energy runaways shows only a small displacement and is close to 'its' resonant magnetic surface and much more perturbed than the high energy ones which have strongly displaced orbits. The high energy runaways are thus shielded from perturbations. Therefore, the loss of the low energy runaway electrons is substantially higher than that of the high energy ones. Since the high energy runaways are confined for a relatively long time in the plasma they can gain more energies and may cause the severe damage to the PFCs when they are lost. Nevertheless, the runaway confinement time depends also on the starting position of the REs. The REs at the core remain confined throughout the disruption while the REs in the outer part are quickly lost because their orbits intersect the limiter or wall. Sometimes, a runaway loss channel towards the wall is observed.
Additionally, we have observed cases, in which the high energy runaways seemed to survive longer than the plasma current. A very low current of between 10 and 20 kA is, in agreement with modelling [22] , sufficient to confine 25 MeV runaway electrons. The low current indicates that again the high energy component of the runaways can survive magnetic perturbations and can remain dangerous, in particular for fusion devices, even in late times of the disruption.
Various methods were applied in order to mitigate the effect of the REs. The runaway loss was expected to be initiated by the applied mitigation method and the REs should be lost before they have time to gain high energy. The argon injection performed by valve 3 provides the best results. A complete runaway suppression can be achieved if a moderate amount of gas is injected early enough, i.e. as close as possible to the first injection performed by valve 1 initiating the disruption. Otherwise the mitigation effect is minor. The ergodization during the disruption helps slightly to shorten the runaway confinement time. This indicates that the runaways created during disruptions are very robust, much more than in a low density runaway discharge. In summary:
-High energy runaways are more difficult to remove than low energy runaways. -Runaways generated during disruptions are rather robust against attempts to remove them. Fast gas injection and ergodization are effective only if they are applied as close as possible to the first valve trigger and with a large number of injected atoms or with the highest ergodization amplitude available. -To our experience runaways generated during disruptions can be avoided by either a fast and massive argon injection of the order of 10 22 atoms (TEXTOR) or by a pre-existing m/n = 2/1 tearing mode.
